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Objective: To assess the relationship between the annual caseload of elective open abdominal aortic aneurysm (AAA)
repairs performed by individual surgeons and mortality.
Methods: PubMed, EMBASE, and the Cochrane library were searched for articles on the volume-outcome relationship in
AAA surgery. The review conformed to the QUOROM statement. The data were meta-analyzed to compare the mortality
rates of higher- and lower-volume surgeons. A critical volume threshold was calculated for better practice.
Results: Fourteen relevant articles were retrieved from the searches. A systematic review was performed, and six were
meta-analyzed. A total of 115,273 elective open AAA repairs were considered, with a mean mortality rate of 5.56%.
Significant relationships between higher surgeon caseload and lower mortality were demonstrated in 12 of 14 studies.
From the meta-analysis, the pooled effect estimate was an odds ratio of 0.56 (95% confidence interval, 0.54-0.57) in favor
of higher-volume surgeons. A critical volume threshold was identified as 13 cases per annum for individual surgeons.
Conclusions: As surgeons performed higher annual volumes of elective open AAA repairs, significantly lower mortality
rates were demonstrated. Surgeons wishing to perform elective AAA repairs should achieve a minimum case volume of 13
repairs per annum. (J Vasc Surg 2007;46:1287-94.)Elective open abdominal aortic aneurysm (AAA) repair
is a common procedure, with 5000 operations per annum
in England.1 The procedural mortality for elective repairs
has been established as approximately 5% in trial hospi-
tals,2,3 but a recent study of outcomes from this surgery
using current data showed that the population mortality
rate was higher than this estimate, at 7.4%,1 in England.
Patients with aortic aneurysmal disease often present
with significant medical comorbidity, which may be ame-
nable to modification in the long term to slow disease
progression. These patients are often in higher-risk catego-
ries for other nonmodifiable operative risk factors, such as
age, sex, race, and socioeconomic status.
However, there is significant evidence that factors be-
yond patient-level factors have an effect on the mortality
rate of elective AAA surgery. Both hospital- and surgeon-
level data may provide a number of modifiable risk factors
for surgery, in addition to the issues of case-mix. Notable
among these is the proven relationship between the annual
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doi:10.1016/j.jvs.2007.06.038volume of surgery performed by hospitals and outcome,
with increasing annual volumes being associated with im-
proved outcomes.1,4-8
It is possible that surgeon volume and subspecialization
may affect mortality, in addition to hospital infrastructure
and hospital volume. Therefore, the aim of this study was to
review the evidence for a relationship between the annual
volume of surgery undertaken by individual surgeons and
outcome, in terms of mortality, for elective open AAA
repairs.
METHODS
After submission to the ethics committee, it was
confirmed that no ethics approval was required for this
study.
Literature search. PubMed, EMBASE, and the Co-
chrane library medical databases were searched for all
articles relating to AAA, surgeon volume, and outcome.
The search terms used were AAA or abdominal aortic
aneurysm and surgeon volume or surgeon and outcome
or mortality. A final term of “vascular surgery and mor-
tality” was included to increase the sensitivity, but not
specificity, of the searches. Further articles were picked
up through the scrutiny of the selected articles’ refer-
ences.
Selection. These searches identified 2466 potentially
relevant abstracts to which exclusion criteria were applied.
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surgeon volume and outcome and, where the analysis in-
cluded ruptured aneurysms, thoracic or thoracoabdominal
aortic aneurysm repairs. Abstracts were assessed to narrow
the search results to relevant articles.
Validity assessment. Having met the inclusion cri-
teria, articles were assessed for quality and their findings.
Mortality was the primary outcome measure. The degree
and method of case-mix adjustment was recorded, and
risk-adjusted data were used where available. Otherwise,
articles were considered to have adjusted for the severity
of illness if they reported separately for ruptured aneu-
rysms or stated that they did not present ruptured
aneurysms.9
Data abstraction. Data abstraction was performed in-
dependently by either P.J.E.H. or E.L.Y. Discrepancies
were resolved by discussion. For each article, mortality
rates, odds ratios, and 95% confidence intervals were taken
from the article for higher- and lower-volume surgeons.
The threshold value for the number of AAA repairs per-
formed per annum between higher- and lower-volume
surgeons was recorded. Datasets were dichotomized to
higher- and lower-volume categories where articles pub-
lished a series of volume groupings (eg, higher-, moderate-,
and lower-volume surgeons).
Study characteristics. Analysis of the data was by
meta-analysis and systematic review conforming to the
QUOROM statement10 (Fig 1). Fourteen articles were
included as a systematic review, and their conclusions were
used to test our hypothesis, but the data in eight of these
articles were not presented in a format consistent with the
meta-analysis. Common problems encountered were as
follows:
1. Mortality rates, but not patient numbers, for higher-
and lower-volume surgeons were published.
2. No threshold valuewas stated betweenhigher- and lower-
volume surgeons.
3. There was nonstandard presentation of results—eg, the
relative risk of mortality with doubling of surgeon
volume.
Quantitative data synthesis. Weighted averages were
calculated for meta-analysis by the Mantel-Haenszel
method.11 A forest plot12 was used to illustrate the infor-
mation from the individual studies used in the meta-
analysis, in terms of odds ratios and 95% confidence inter-
vals. The plot demonstrated the variation between studies
and a pooled point estimate of the overall result, with 95%
confidence intervals, that represented the volume-outcome
relationship. A P value was generated by using the z statis-
tic. The weighting for each study in the meta-analysis was
applied to the threshold value at which the data from each
study were dichotomized. This allowed the calculation of a
weighted threshold value for the pooled effect estimate.
The presence, or absence, of statistical heterogeneity
was assessed by using the Q-statistic and tested against a 2
contingency table. The degrees of freedom were one fewer
than the number of studies in the meta-analysis, and thelevel of heterogeneity was assessed at P  .1, which is
standard due to the relative insensitivity of the method.
Because the sample size was small in the meta-analysis,
heterogeneity was quantified by using the I2 test13; a value
of less than 50% was taken as insignificant heterogeneity.
A sensitivity analysis was performed by exclusion of the
largest trial from the meta-analysis and recalculation of the
pooled effect estimate and heterogeneity scores. The results
were checked against a DerSimonian and Laird random-
effects meta-analysis by way of a further test of heterogene-
ity and as a second sensitivity analysis.
RESULTS
Twenty-five potentially relevant articles were identified
by the searches. Eleven articles were excluded: four com-
bined elective and ruptured AAA repairs, or ruptured an-
eurysms only14-17; six did not in fact investigate the sur-
geon volume– outcome relationship18-23; and one study
summarized prior research, presenting no new data relevant
to this review.24 After exclusions, 14 articles provided
information on the annual surgeon volume of elective AAA
repair and mortality.25-38 A total of 115,273 elective AAA
repairs (range, 207-39,794 cases) were considered. The
mean mortality rate was 5.56%, and the observed mortality
rate decreased as a surgeon’s annual operative volume
Potentially relevant abstracts identified from database searches 
 n=2466 
      2441 excluded as abstract unsuitable 
Articles retrieved for more detailed evaluation  
n=25
11 excluded as the paper unsuitable 
Potentially appropriate studies to be included in the meta-analysis 
n=14
8 excluded as lack of useable data 
Studies included in meta-analysis 
n=6
      0 exclusions at this stage 
Studies with usable information 
n=6
Fig 1. QUORUM flowchart.increased (Fig 2; Table).
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weighted odds ratio for mortality rates of high- as com-
pared with low-volume surgeons was 0.56 (95% confidence
interval, 0.54-0.57; P  .00001) at a weighted mean
threshold between higher- and lower-volume surgeons of
13 AAAs per annum. All six studies included in the meta-
analysis found a statistically significant reduction in mortal-
ity with increased surgeon operating volumes.25-28,35,37
No significant statistical heterogeneity was demonstrated
for the meta-analysis (Q-stat5, 6.56; 5 df; I2  23.7%).
A sensitivity analysis was performed through exclusion
of the largest trial in the meta-analysis35 and gave an odds
ratio of 0.57 (95% confidence interval, 0.53-0.62). There
was no significant heterogeneity (Q-stat5, 6.22; 4 df; I2 
35.7%). The random-effects meta-analysis (of the complete
dataset) for dichotomous outcomes gave an odds ratio of
0.58.
A further eight studies were presented in the systematic
review (Table), of which six presented strong evidence for
improved results with high-volume surgeons29-33,38 and
two found no statistically significant association between
volume and outcome.34,36
DISCUSSION
This systematic review and meta-analysis provided sig-
nificant evidence that elective AAA repairs performed by
higher-volume surgeons confer a survival advantage. Dis-
cussion of the problems encountered in this type of work,
including publication bias, and the use of mortality as the
principal end point in AAA surgery has been published
previously.9,39,40
The use of administrative datasets for outcomes analy-
ses has been debated because they are retrospective, contain
no physiologic data, and are prone to coding errors. How-
ever, their use has been shown to be a valid surrogate for
prospectively collected data.19,41
Considerable research has demonstrated a reduced
Fig 2. Scatter plot showing the number of cases performed by
surgeons against the mortality rate for surgeons operating at each
volume for elective abdominal aortic aneurysm repairs. The hori-
zontal line represents the cohort meanmortality rate of 5.56%. The
trend line is a line of best fit, and no statistical inferences have been
made from this.mortality rate for elective open AAA surgery at high-volume hospitals,1,5,8,42 an independent predictor of
increased survival and one that is additive to that conferred
by surgery by a high-volume surgeon.26 That is to say, the
best results were achieved by high-volume surgeons oper-
ating at high-volume institutions.5,35
It has been variously suggested that hospital factors are
of more importance than surgeon factors when outcomes
are examined,27,34,43,44 and vice versa,5,35,37 but that both
have independent roles. The mechanisms behind the rela-
tionship between hospital volume and outcome have been
discussed fully elsewhere,8,19,20 but in summary, outcomes
were reliant on hospital infrastructure, the provision of
expert intensive care units, the effective working of large
multidisciplinary teams, and the maximum potential
throughput of the hospital. These factors meant that a
low-volume surgeon operating in a high-volume hospital
could adopt a mortality rate close to that of the high-
volume hospital for some procedures, although this has not
been proven for AAA repair.43 As a confounding factor, it is
likely that large effective units might also have had a greater
ability to attract high-volume specialist vascular surgeons,34
thus magnifying the beneficial effects of higher hospital
annual volumes. Even within high-volume institutions,
high-volume surgeons had better results than low-volume
surgeons.35
With there being a lack of consensus in the results from
different studies, it was not possible to definitively state, or
quantify, whether hospital or surgeon volume played the
greater part in the volume-outcome relationships; the rel-
ative importance of each was uncertain. It was certain that
both had a significant role in reducing mortality from
elective AAA repair and that improved chances of survival
could be found by selecting a high-volume surgeon in a
high-volume hospital.35 It has been suggested that, for
elective AAA repair, surgeon volume might account for up
to 57% of the benefit seen at high-volume hospitals.35
Surgeon specialty. Three studies investigated the rela-
tionship between surgeon specialty and outcome,26,32,33 and
all found that operations performed by vascular subspecialist
surgeons were associated with significant reductions in mor-
tality when compared with operations by general surgeons.
This advantage was, again, in addition to the benefits gained
through the provision of higher-volume services at the level of
both the hospital and the surgeon.26 Therefore, high-volume
specialist vascular surgeons operating in high-volume hospi-
tals achieved the lowest mortality for elective AAA repairs.
It is worth noting that technically, high-volume surgery
alone does not confer specialist status, a term that implies
subspecialty or fellowship training, certification, and mem-
bership of a specialist society. Dimick et al26 defined vascu-
lar surgeons as having performed more than 75% vascular
procedures in the 1997 Nationwide Inpatient Sample, hav-
ing determined the effect of specialization at three thresh-
olds (25%, 50%, and 75% vascular procedures). The
relevance of these statements is that without the above-
mentioned attributes, even if surgeons adhered to the
minimum volume criteria enumerated here, they could not
ficatio
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ated with better outcomes.
Assessment of volume. The threshold values between
high- and low-volume surgeons varied between studies and
in some cases were not specified. One study,25 examining
outcomes over a 6-year period, defined “very low volume”
as a single case in 6 years and “very high volume” as more
than 100 cases in 6 years, with 3 intermediate-volume
categories. In their comparison, a threshold of 10 cases had
an odds ratio of 3.26 (range, 1.32-8.03; P .01) in favor of
Table. Systematic review of the relationship between annu
Study Year
Elective
cases Dat
Dardik25 1999 2335 Maryland
Health Serv
Cost Review
Commissio
Database 19
Dimick26 2003 3912 Nationwide In
Sample 199
Dueck29 2004 13,701 Ontario Healt
Insurance P
Hannan27 1992 3570 New York Sta
Discharge D
Dartmouth Atlas
of Vascular
Healthcare30
2001 24,717 Medicare Dat
Kantonen31 1997 929 Finnvasc Regi
Kelly34 1986 999 Hospital Cost
Project 197
Pearce32 1999 13,415 Florida Agenc
Administrat
admissions
Pilcher28 1980 207 Vermont hosp
1970-1977
Tu33 2001 5878 Ontario Healt
Canadian In
Health Info
Registered
Birkmeyer35 2003 39,794 Medicare Clai
1998-1999
Veith38 1991 3570 Same sample a
AbuRahma36 1991 332 Southwest Vir
Hannan37 1989 1635 Statewide Plan
Research C
System (Ne
Departmen
Charlson, Charlson comorbidity score, Romano-Charlson; Romano modi
AAA, abdominal aortic aneurysm.the higher-volume surgeons.The threshold of 10 cases per annum was used in 3
other studies,26,27,30 all of which found in favor of higher-
volume surgeons. Other studies used different threshold
values of 4 cases,28,37 24 cases,29 26 cases,38 and 17.5
cases.35 One study simply defined the threshold as high-
and low- volume,36 and two studies modeled volume as a
continuous variable and calculated a cutoff value.27,31 All
found significant survival benefits in the higher-volume
groups. Where multiple volume groupings were published,
in all but one case,25 it was found that every increase in case
rgeon operative volume and mortality
rce
Open or
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Mortality
rate (%)
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ume criteria they used to test the data. Two of these found
highly significant results that outcome depended on a
surgeons experience in the last 4 years31 and that the
relative risk of mortality was 0.898 with each doubling of
surgeon volume when volume was modeled as a continu-
ous variable.32 Only Kelly and Hellinger34 and AbuRahma
et al36 found nonsignificant results, but even then, there
were trends toward improved outcomes with increasing
volume.
Table. Continued
Mean mortality
rate (%)
Higher-volume/
lower mortality Significant
3.5 Yes Yes
4.2 Yes Yes
4.5 Yes Yes
7.7 Yes Yes
5.5 Yes Yes
5.1 Yes Yes
10.2 Marginal Nonsignificant trend
toward improved
outcome with
increasing volume
5.7 Yes Yes
11.1 Yes Yes
4.1 Yes Yes
4.88 Yes Yes
Not given Yes Yes
3.6 Yes No
18 Yes YesWhy do high-volume surgeons have better re-sults? It has been suggested that a “practice makes per-
fect” phenomenon occurs in surgery,19 such that the in-
creased experience of high-volume surgeons accounts for
their reduced mortality rate. However, as an aside, a longi-
tudinal study showed that AAA surgeons rarely change
from lower to higher volume, with new surgeons achieving
higher volume quickly, without a protracted period as
lower-volume surgeons.27
Alternatively, theremay be an effect of selective referral;
ie, doctors preferentially refer to hospitals or surgeons with
Risk-adjustment and modeling Note
Patient complexity scores;
multivariate analysis
Compared 10 vs 10–40;
in meta-analysis
Romano-Charlson univariate
and multivariate analysis
In meta-analysis
Charlson multivariate model Volume modeled as a
continuous distribution
Age, sex, severity of illness,
mode of admission,
comorbidities
In meta-analysis
Adjusted for race, sex, and age
but not comorbidities; no
modeling
Number of cases per group
not given so not in meta-
analysis
Multiple logistic regression,
but no risk adjustment
Mortality rates depended on
surgeon’s AAA
experience in previous 4 y
Multiple logistic regression,
but no risk adjustment
In meta-analysis
Charlson univariate and
multivariate modeling
Number of cases per group
not given so not in meta-
analysis
Charlson demographic nested
modeling adjusted multiple
regressions
In meta-analysis; physician
volume 57% of hospital
effect
Age, sex, severity of illness,
mode of admission,
comorbidities
Same sample as Hannan27
Multivariate analysis
Multivariate analysis; age, sex,
severity of illness, mode of
admission, comorbidities
Physician volume more
important than hospital
volume; in meta-analysispre-existing low mortality rates, thus increasing their vol-
nalys
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may be applicable to AAA repair.
Countering the “practice makes perfect” argument is
the “walking on water” phenomenon, anecdotal among
surgeons. This suggests that increasing annual case volumes
up to approximately 35 open AAA repairs per annum is
associated with continued improvements in outcome (de-
creased mortality rates). At annual volumes above this,
improvements are smaller, and professional complacency
may play a part such that outcomes are at best static. The
existence of this phenomenon might be supported by the
findings of Dardik et al,25 who found that despite improve-
ments in outcome at lower volumes, at very high annual
volumes mortality rates were increased. Dueck et al29 also
found that the benefits of increasing volume were minimal
above 30 cases per annum.
Alternatively, those surgeons achieving a very high
volume of surgery may be doing so on the basis of excellent
pre-existing results. This in turn may lead to the referral of
more complex cases to these surgeons. A more difficult
case-mix may explain the plateau in the improvement in
mortality observed for these surgeons.
Combining these theories, it would seen reasonable
that an absolute minimum case volume of 13 cases per
annum, as established through the meta-analysis, should be
achieved by surgeons performing elective AAA repairs to
avoid preventable deaths from elective surgery. This value
was consistent with the finding of a Michaels et al24 in a
study for Health Technology Assessment in the United
Fig 3. Forest plot displaying the results of themeta-anal
confidence interval, 0.54-0.57) at a threshold of 13 elect
was no evidence of significant heterogeneity. Sensitivity aKingdom.The effect of endovascular aneurysm repair. The
studies in this report investigated the relationship between
open aneurysm repair and outcome. However, because of
the difficulties of coding new procedures, until 2007 there
was no code for endovascular aneurysm repair. Most of the
studies presented here, because they presented retrospec-
tive data, were concerned only with open aneurysm repair,
because the availability of endovascular aneurysm repair was
limited or nonexistent at the time that the operations were
performed. There was, however, less certainty in the coding
of the more recent studies. It is possible that high-volume
surgeons have a greater availability of endovascular aneu-
rysm repair, thereby improving their in-hospital mortality
rates. Future studies must be alert to this possible con-
founding effect, although we believe that it did not skew
these results.
The importance of case-mix. To minimize bias, ac-
count must be taken of any factors (beyond volume) likely
to affect patient outcome, most notably case-mix.9,39 Al-
though some older studies used no case-mix adjustment,
more recent articles commonly used the Romano modifi-
cation45 of the Charlson comorbidity score.46 Studies var-
ied in the way in which they dealt with the problems of
case-mix. One study presented medical complexity scores
and mean age for each volume grouping but did not then
risk-adjust the mortality data.25 Other studies presented
standardized mortality ratios, and still others performed
multivariate analyses. All of these are valid techniques,
although a consensus statement might be useful for future
he pooled effect estimate was an odds ratio of 0.56 (95%
en abdominal aortic aneurysm repairs per annum. There
is did not demonstrate a significant change to the results.ysis. T
ive opstudies so that different studies can be accurately compared.
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ing data with no adjustment for case-mix, because this
could have a significant effect on mortality figures.
Ethical considerations. Although this large body of
data exists and conclusions have been drawn as to the
volume of surgery that surgeons should perform to im-
prove outcome, it might be that further assessment of
outcomes at the physician level are premature. While issues
surrounding coding remain and case-mix adjustment is
insufficient, to make accusations regarding an individual
surgeon’s outcomes would be open to litigation. Certainly,
ranking surgeons on the basis of their results and naming
outliers is a risky business where these imperfections re-
main.
CONCLUSION
As surgeons performed higher annual volumes of elec-
tive AAA repairs, significantly lower mortality rates were
demonstrated. Surgeons wishing to perform AAA repairs
should achieve a minimum case volume of 13 elective
repairs per annum and attain vascular subspecialization.
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